Introduction
Whatever the importance of afferent-and reafferent signals of muscular origin in monitoring motor commands, the efferent output signals must be tailored to account for the complex mechanical interactions between the mobile body segments and the external world. In addition to an important role in the servo-assistance of the ongoing executive process, reafferent proprioceptive information is assumed to playa basic role in updating the dynamic features of an internal model of the motor machinery and of the body space. The concept of kinesthetic engrams has been very influential in early neurological theories of motor images and in the emergence of the "body schema" concept. It has stimulated the development of motor theories of space perception, consciousness, and selfawareness, and of all subsequent psychological theories __________________________________________________ considering movement and its sensory consequences as elements of the ontogenesis of mental processes. These features have long been considered as the building blocks from which the stored components of motor habits are constructed.
The absence of muscular proprioception, whether at a segmental or at a central level, impairs performance in several ways. However, the contribution of proprioceptive afferents to movement control and learning is not easily dissociated from that of other sources of sensory information (e.g., vision). Therefore, the rare clinical cases of extensive neuropathy, depriving the brain massively and permanently of its presumed main sources of dynamogenic information from skin and muscles, are of very special interest. The experimental studies we are reporting involved two such cases (patient 1 and patient 2). Patient 1 suffers a permanent and specific loss of the large sensory myelinated fibers in the four limbs following two episodes of sensory polyneuropathy, which affected her whole body below the nose. The illness resulted in a total loss of the senses of touch, vibration, pressure, and kinesthesia, as well as the total absence of tendon reflexes in the four limbs. Motor nerve conduction velocities and results of needle electromyography (EMG) investigation of the muscles of the arm are normal (Cooke et a1. 1985) . Patient 1 is now 45 years old, and these observations have been confirmed and have proven stable for the past 16 years. The patient is confined to a wheelchair, but she does most of the daily manual work at home under constant visual guidance(for a more complete clinical description of the patient, see Forget and Lamarre 1987) . The second patient suffers a similar loss of large sensory fibers, resulting from a single episode of sensory polyneuropathy that affected the entire body below the neck at age 19. Although he recovered a gross ability to stand upright and walk, now at age 40, he shows most of the symptoms observed in patient 1. Clinical observations have confirmed his stable state for the past 20 years (for a more complete clinical description of this patient, see Cole and Katifi 1991) .
For the past few years, we have studied these two patients to understand the importance of muscular proprioception in the control of tasks presenting various force and space constraints such as (i) an isometric task without spatial requirements, (ii) a single-joint pointing task requiring the spatial control of only one degree of freedom, and (iii) complex visuomotor coordination tasks involving multijoint control in a two-dimensional space. This approach allowed a systematic investigation of the interaction between visual and proprioceptive afferents for the control of movement, and their contribution to the construction of the motor space.
Force production
The production of simple isometric force pulses between the thumb and the index fingers, 3 when there is no precision grip required (e.g., Johansson and Westling 1988) , is one of the simplest motor tasks that can be performed. From a control viewpoint, this task has no morphocinetic nor topocinetic components (i.e., no constraint on the shape of the movement nor on its location in space) and does not require the solution of the degrees of freedom problem. This experiment served as a baseline evaluation of the capabilities of a deafferented patient to produce accurate descending commands. Patient 1 and six controls were instructed to produce single impulses as accurately as possible without any feedback. Different target force levels, between 10 and 70% of the subject's maximum, were randomly and verbally requested. Table 1 shows the slope and the coefficient of correlation between the target force and the peak force. Surprisingly, the performance of the deafferented patient was identical with that of controls, suggesting the existence of an accurate internal force model.
The ability of the patient to produce a given target force, after being trained with verbal feedback, was further tested. Twenty trials at each of 10, 20, 30, 50 , and 70% of the subject's maximum force were collected in separate blocks. _________________________________________________ Verbal feedback about the accuracy was given after each trial for the first 10 trials of each force level. The last 10 trials for each force level were produced without any feedback. The overall relationships between peak force and target force (for the no-feedback trials) are presented in Fig. 1 . The patient showed remarkable consistency and accuracy in attaining a given target force. Overall, the training period with feedback allowed both controls and patient 1 improve their force model. Regression analyses showed that the percentage of variance in peak force explained by target force was higher than 90% for all subjects (on average, 96% for the controls and 95% for the patient).
The efficiency of feedback for creating a stable memory representation of a force to be applied is also supported by recent work (Fleury et al. 1994) . When having to apply finger pressure on ameta1 plate for specific durations (1 and 5 s), patient 1 very rapidly reached performances similar to controls when provided with feedback. More importantly, she maintained her performance when feedback was withdrawn (Fig. 2) .
Over the course of her rehabilitation and through her daily activities, the patient learned to compensate for the absence of afferent information by using other sources of feedback (e.g., visual knowledge of results). This learning presumably permitted the patient to establish a strong and lasting interna1 representation, allowing her to produce accurate simple isometric force pulses, even without any feedback.
Amplitude coding
To move the body and limbs toward a target, one can estimate Means and standard Deviations for 1-and 5-s temporal productions for the pre-and post-feedback trials for patient 1 and controls. In this experiment, subjects applied a continuous finger contact with a metal plate for the required duration. For each temporal production, they first listened to 10 auditory templates. Then, they performed (i) 10 trials without feedback (prefeedback trials), (ii) 30 trials with feedback, and (iii) 30 trials without feedback (post-feedback trials). Error bars for controls represent the between-subject variability. Error bars for the patient represent the within-subject variability.
the distance between the actual position of the limb and the target. This hypothesis assumes a vectorial coding of space and also requires information on movement direction. Some authors have emphasized the relative independence of the amplitude coding from proprioceptive afferents (Georgopoulos et a1. 1986; Ghez and Gordon 1987; Bock et al. 1990; LaRue et a1. 1992) . The next experiments examine how-deafferented patients generate accurate single-joint movements toward a visual target.
Deafferented patient 1 and three controls first performed four sequences of 30 continuous supinations and pronations. The final position of a movement served as the starting position of the next movement. Within a sequence, the amplitude of the successive movements varied from 15° to 80°. Subjects executed the sequences with and without vision of the limb and pointer, seated in front of a black semicircular display, fitted with diodes (0.5 cm wide) arrayed at various angular positions. A handle rotated freely along the axis of the forearm. A removable pointer was used to align the handle with the targets. A mask could be positioned over the arm to prevent vision of the handle, wrist, forearm, and arm. The handle was connected with a potentiometer, allowing recording of wrist angular displacement. Figure 3 illustrates spatial errors and movement amplitudes for the patient and a control subject for one sequence of movements without vision. Whenever control subjects detected a spatial error through proprioceptive information, they produced a subsequent movement of shorter or longer amplitude than that required; this shorter or longer movement served to spatially recalibrate their limb with the position of the target. Conversely, the patient was unable to detect these spatial errors and always attempted to produce the required amplitude. Figure 4 summarizes the results for the absolute amplitude error (i.e., absolute difference between the required amplitude and the performed amplitude) and absolute spatial The differences between each target and the end of each arrow illustrate the spatial error; the differences between two consecutive targets and the size of the arrow reaching the second target illustrate the amplitude error; the differences between the end of an arrow and the beginning of the following one illustrate the drift. error (i.e., absolute difference between the final position of a movement and the target) for the patient and control subjects. With vision, the patient showed amplitude and spatial errors similar to controls. When vision was precluded, the patient showed similar amplitude but larger spatial errors than controls. The results for the amplitude errors confirm the patient's ability to produce accurate force pulses. However, her small but additive amplitude errors gradually led to a spatial decalibration, suggesting a complete loss of the spatial motor frame of reference in absence of proprioception.
In addition to the summation of small amplitude errors, not compensated for across movements, a small drift (i.e., changes in position between the end of a movement and the beginning of the following one) was sometimes observed. This drift also contributed to the patient's loss of spatial reference. Similar observations have been reported in deafferented patients performing various experimental tasks (Ghez et al. 1990; Sanes 1990; Rothwell et al. 1982; Teasdale et al. 1993 ). Such observations suggest that, in absence of substitute sources of sensory information (e.g., vision), deafferented patients are unable to adjust amplitude and direction of applied forces with the actual mechanical properties of the limb. The lack of proprioception might prevent these patients from compensating for the non-inertial properties of the limb.
In another experiment, patients 1 and 2 and two controls performed, without vision of the limb, a 20° supination followed by a 20° pronation bringing the wrist back to the original starting position. The first movement was randomly blocked just prior to movement initiation, via a magnetic brake. Subjects gave a verbal response when they estimated the movement was completed. The verbal response triggered the presentation of the second target after a 1-s delay. The goal of the experiment was to test whether the patients, unaware of the blocking, would produce a nonrequired pronation movement.
For sake of brevity, results for blocked movements only are reported. Figure 5 illustrates position -time traces for the two patients. A striking result can be observed. After the first blocked response, the patients were already in the terminal position requested by the second target. Nevertheless, both patients always produced a pronation, suggesting that the blocked response resulted in a noncompensated spatial decalibration. This pronation was almost systematically preceded by a movement in the direction of the first target. This behavior was present even though the patients verbally expressed the completion of the first (and blocked) movement 1sec prior to the presentation of the second target.
Bizzi and colleagues (Polit and Bizzi 1979; Bizzi et al. 1984) reported that, after an externally imposed displacement, deafferented monkeys reached the final target position once the servo that held the arm was released. This behavior has been previously interpreted as supporting the existence of a virtual trajectory formation from an initial to a final target position (e.g., Bizzi et al. 1992) . Our results, however, clearly show that the "virtual trajectory" is not the expression of a spatially accurate movement. In other words, the systematic pronations that were observed for the two patients suggest that the motor commands were not spatially calibrated. More important, the pronations were produced even though the patients were already at the goal target position. Feldman (1986 Feldman ( , 1992 has suggested that proprioceptive afferents are essential for setting the muscle length -tension parameters and defining a new equilibrium point. Knowledge of the initial starting position, whether it is through afferent signals or suppletive sources of sensory information, proves essential for the establishment of a spatially calibrated motor program.
Spatial reference frames in pointing
The results presented above highlight the importance of a body-environment calibration when movements are directed toward objects in space. This body-environment calibration, however, can take various forms since a retinal, body, object, or world frame of reference may subserve the localization of an object or a target in the extracorporeal space. The retinal frame primarily refers to the coding of . Position-time traces in the blocked supination-pronation condition for patient 1 and patient 2. In this condition, no movement was required since the hand was already in the final target position when the magnetic break was deactivated. The graph represents individual trials performed by each patient. For most of the trials, a small movement in the direction of the blocked movement can be seen, followed by a second movement.
visual inputs. The body frame mainly refers to the coding of efferent commands. The object frame implies a local space with boundaries and the geometrical relations between its components. The world frame forms is constructed of all object frames, with its structure constituting the visual background (Paillard 1991) . The spatial relationship between these different frames is multifarious. The object frame (e.g., a target for a reaching movement) can be referred in a bodycentric system of coordinates where a stable segment (generally the head) is taken as the reference; in such a case the frame of reference is said to be egocentric. The same target may also be referred with respect to its position relative to stable landmarks in the world frame. The body itself may be considered as a moving object referred to the stabilized visual environment; in such a case the frame of reference is said to be exocentric (Paillard 1987; Bridgeman 1989) . Deafferented subjects, because of their deficient egocentric frame of reference, offer an opportunity to dissociate the specific role of each system of reference.
Ten control subjects and deafferented patient 1 performed multijoint amplitude pointings in a sagittal plane, holding a manipulandum extending from the floor. Light-emitting diode (LED) targets, 28 and 36 cm away from the subject, were fixed at eye level on a panel above the area accessible by the pointer. Subjects started pointing movements from an armflexed position and ended under the target. They performed the task in (i) a structured environment (normal illumination) allowing the use of an exocentric frame of reference and (ii) an unstructured environment (complete darkness) allowing reliance only on an egocentric frame. For each environment condition, open-and closed-loop pointings were performed. In the closed-loop, unstructured condition, a diode fixed on the tip of the manipulandum provided visual information on the manipulandum trajectory. In the open-loop, structured condition, a panel precluded vision of the arm (for more details on apparatus and procedure, cf. Blouin et al. 1993) .
Constant errors (i.e., distance between the target and the pointer end point) for control and the deafferented patient are presented in Fig. 6 . Negative errors indicate movements shorter than the target distance and positive errors indicate movements longer than the target distance. For both controls and the patient, vision significantly improved movement accuracy. For controls, the nature of the environment (structured versus unstructured) did not affect accuracy. Without vision of her arm, the deafferented patient systematically produced significant undershooting errors, particularly in the unstructured environment. In closed-loop conditions, the patient was again more accurate in the structured than in the unstructured environment. Hence, the presence of a structured environment allowed the patient to use her exocentric frame of reference to process spatial information.
In the structured environment, control subjects produced slower movements without vision than with vision of the arm (345 vs. 319 ms for the open-loop and closed-loop conditions, respectively). Without vision, the increased movement time was the result of an increased duration of the deceleration phase. In this condition (structured environment without vision), the arm was under proprioceptive control, in reference to an egocentric frame, whereas the localization of the target was referred to the exocentric frame. We suggested that the longer deceleration durations were a consequence of a plurimodal matching (Blouin et al. 1993) . The results for the patient were the opposite: she produced faster movements without vision than with vision of the arm (479 vs. 615 ms, respectively). With vision, the increased movement time was the result of longer deceleration durations, presumably because of the patient's reliance on the slow corrective visual loops. This experiment emphasized the existence of different frames of reference to which the motor space is referred and the importance of proprioception in the establishment of the egocentric frame of reference.
Prismatic adaptation
When the visual field is laterally displaced by prisms, the perceptual-motor system must be able to discriminate the new stimulus attributes and to modify response programs accordingly. To test whether proprioception plays a significant role in prismatic adaptation, we evaluated the ability of the two deafferented patients and four controls to adapt their motor response to optical displacements of the visual field.
Historically, three general categories of models of adaptation to conflict have been presented. (i) The proprioceptive models propose that, during adaptation, the change occurs in the judged position of the limbs, head, or eyes with respect to the body (Harris 1965) . (ii) The efferent models view adaptation as a change in the central efferent monitoring, leading to the acquisition of a new set of efferent muscle commands (Day and Singer 1967; Taub 1968) . (iii) Finally, the visual models represent the classical view of perceptual adaptation, where the locus of adaptation is at a central level of perceptual processing (Helmoltz 1925; Kolher 1964; Rock 1966) . These models tend to overlap because the frontier between changes in proprioception and changes in efference is blurred. A recent model presented by Redding and Wallace (1988) is more attractive. In this model, the perceptual adaptation is assumed to be the result of a discordance between perceptual systems. If the exposure task requires coordination of the eye and hand, a discordance occurs between the visual eye-head system and the proprioceptive hand-head system Wallace 1992, 1993) . To adapt, subjects must remove the intersensory discordance such that the two system signals indicate the same position. According to the authors, discordance reduction can be achieved by spatial recalibration of either or both of the conflicting systems. It is assumed that each sensorimotor system (e.g., eye-head and hand-head) operates in its own unique motor space. The noetic space mediates communication among the various sensorimotor systems. Noetic and motor spaces are assumed to be related such that points in one space can be mapped onto points in the other by applying general transformational operations. When the hand is visible during pointing movements (concurrent exposure), the coordinative linkage is assumed to be eye to hand for control subjects adapting to prisms.
Visual coding of target location is translated via the noetic space into a proprioceptive code which can be achieved by the pointing hand. The measurable result of such visual guidance is a change in the hand position sense (i.e., PS). Conversely, the model predicts that when only the fingertip is visible at the end of a pointing movement (terminal exposure), the direction of coordinative linkage is assumed to be largely hand to eye. The eye is assumed to "track" the unseen hand during the movement in the visual space. The discordance is then attributed to an error in visual tracking and adaptation occurs by recalibration of the coding operators in the eye-head system that translates noetically coded proprioceptive coordinates into visual coordinates. The measurable result of this proprioceptive guidance is a change in the eye position sense (i.e., VS).
Patient 1 is completely deafferented from nose down and has no means to establish an eye-head or eye-hand proprioceptive map. According to Redding and Wallace's model, no prismatic adaptation should occur because the absence of neck proprioception prevents the establishment of a direct coordinative linkage from eye to hand (PS) or from hand to eye (VS). Patient 2, however, has neck proprioception, hence, from the hand position error, the recalibration of the coding specifications in the eye-head system may translate noetically coded proprioceptive coordinates into visual coordinates.
The same apparatus as in the previous study was used and directional pointings were performed toward two targets (20°t o the right and left of midline); the task required moving the hand-held manipulandum in the direction of the lit target and following through without stopping under it. Subjects were submitted to four experimental conditions: (i) 30 pointings without vision of the hand (open loop) and without prisms (15 for each target); (ii) 30 pointings without vision of the hand and with 20-dioptre base-left prisms, which bend the light rays through about 11°; (iii) an exposure session, whereby subjects wearing prisms pointed with visual feedback of their arm for six periods of 1 min (approximately 60 pointings per period, with a 30-s eyes-closed rest period after each block); (iv) 30 pointings without vision of the hand and with prisms. Angular errors were recorded when the hand trajectory crossed the vertical target plane, and were used to measure the percent adaptation, computed according to the following:
Control subjects and deafferented patient 2 adapted quite well. In contrast, patient 1 showed no adaptation at all (Fig.  7) . Until now the role of proprioception for prism adaptation has been mainly studied with deafferented animals (Bossom and Ommaya 1968; Taub and Berman 1968) . In Bossom and Ommaya's (1968) study, deafferented monkeys (bilateral dorsal rhizotomy from C2 to T2) could freely move their head during adaptation but did not see any part of their body. When tested 24 h later, monkeys showed prism adaptation. Bossom and Ommaya concluded that a recalibration of a new set of efferent muscle commands occurred. This interpretation cannot fit the results of patient 1. She is devoid of coordinative linkage between subsystems (e.g., eye to head or hand to head); therefore, she cannot carry any spatial information that could be used to guide one sensorimotor system to positions coded by another system. Conversely and in agreement with the predictions of Redding and Wallace's model, patient 2 can carry spatial information on positions from the eye-head sensorimotor system and modify the motor commands of the hand to bring back the guided subsystem "hand-head" to a correct spatial alignment with the guiding subsystem "eye -head" .
Conclusion
The way in which the central nervous system (CNS) solves the various problems encountered for the control of limb movements may, obviously, depend on multifarious factors. Sensory information is used in different ways for motor control (Cruse et al. 1990) ; the contribution of proprioceptive information of muscular origin will be different whether the movement is fast or slow, generated isometrically or isotonically, visually or proprioceptively guided, or whether it involves a single or multiple segments.
Without any feedback, patient 1 was able to produce accurate simple index-thumb force pulses in the low as well as in the high range of force production. This raises the important problem of the nature of the calibration process and the neural support allowing such performance. Gandevia and McCloskey (1977) suggested that a central sense of effort requires periodic recalibration from the periphery, and Cole and Sedgwick (1992) have claimed that a prolonged deafferentation may prevent the refreshment of this calibration such that any central sense of effort could have faded to extinction in deafferented patients. Nevertheless, through years of practice, the learning process allowed patient 1 to build and update an internal representation of the physical environment, and to also establish a memory trace of the consequences of her actions. Our experiments suggest that, through knowledge of results, patient 1 acquired the ability to build and continuously update an internal scale of force in absence of sensory feedback of peripheral origin and without any direct return from her efferent commands. In other words, the performance of patient 1 suggests that the absence of afferent information is partly compensated for by cognitive feedback to generate memory-based corrective motor actions.
The reference signals allowing a feedforward adaptive calibration of the efferent commands required a high plasticity with efficient mechanisms for their continuous updating, a property that certainly dissociates them from conventional learning processes.
Without vision, patient 1 also proved able to produce relatively accurate movement amplitudes. Her data confirm her ability to send adequate motor commands (cf. isometric force production). Nevertheless, in the absence of stable landmarks in the environment, her movements were spatially decalibrated. In the second amplitude experiment, when both patients were prevented from executing a first movement, they always produced a second movement (i.e., a pronation), even though their arm was already on the target's position. Patients are unable to calibrate the initial position of the limb, resulting in large spatial errors. This inability might be associated both with the absence of the afferent component of position sense and with the loss of calibration of the central control signals in terms of spatial coordinates (Feldman 1992) . Our findings eliminate the validity of a pure final position control hypothesis to explain our results. They are more compatible with a general qualitative role presumably played by proprioceptive afferents in informing the CNS of the initial state of the peripheral system as well as of the outcome of motor commands (Rothwell et al. 1982; Sanes et al. 1985; Gandevia and Burke 1992) .
The results obtained in the study of spatial frames of reference show convincingly that patient 1 is greatly impaired in her ability to point at luminous targets in complete darkness and without vision of her arm (i.e., in an egocentric condition that forces her to relate the target to a body-centered frame of reference). Conversely, the presence of a structured environment allows her to use an exocentric system of coordinates, resulting in the production of more accurate goal--directed movements.
An egocentric frame of reference is a dynamic structure that stems from a continuous updating of the relative positions of the body segments by way of static and dynamic proprioceptive signals, tuning the motor commands for spatially oriented movements. Gaze anchoring on target allows referral of the target orientation to the eye position in the head. The head itself may serve as an egocentric frame of reference to which the trunk and the body segments also have to be referred mainly via the neck afferent information so that the initial position of the moving arm can be correctly evaluated. Obviously, such a system is not completely accessible to deafferented patients. When goal-directed movements are performed in a structured environment, the body itself can be referred to the stabilized environment, and is then calibrated in the visual map, reducing the updating role of proprioceptive input.
In prismatic adaptation, contrasting results were observed between the two patients. Patient 1 did not adapt, whereas patient 2 adapted, as did the controls. The most parsimonious explanation for these results comes from the different level of deafferentation of the two patients. Patient 1 does not have access to a hand-head or to an eye-head system of reference, whereas patient 2 has neck proprioception and presumably has access to such systems of reference.
Overall, our results highlight the key role of proprioceptive afferents for calibrating the spatial motor frame of reference. Proprioception is important to initiate and match the adequacy of the movement with the visual calibration of space (e.g., Jeannerod 1988), and with the subject's internal "goal image" (Teuber 1974) . The contribution of afferent discharges to the control of movement amplitude evokes Sperry's (1969) concept of corollary discharge signal originating within the CNS; a corrective signal for the motor command results from the comparison between the efferent copy (von Holst 1939) and reafferent inputs. This comparative function is ensured by internal loops jointly activated with the efferent command. Ghez and Gordon (1987) have suggested that this correction can be activated, before the initiation of the movement, through internal feedback. In the absence of vision, the "goal image" of the movement could be updated by peripheral sensory information. However, deafferented patients are unable to generate the corrective signals originating from the comparison between efferent and afferent signals.
As suggested by Gandevia and Burke (1992) , the control of human movement is certainly based on complementary properties to which the CNS has access. Both patients have been in a stable state for over 15 years and have eagerly tried to overcome their handicap. Further investigations to determine whether the massive deprivation of proprioceptive information led to a cortical reorganization would be of great theoretical importance and may shed some light as to how cognitive strategies and suppletive sources of information are used to overcome the lack of proprioceptive information. 
